Measurement sensitivity in the energetic γ-ray region has improved considerably, and is about to increase further in the near future, motivating a detailed calculation of high-energy (HE: 100 MeV) and very-high-energy (VHE: 100 GeV) γ-ray emission from the nearby starburst galaxy NGC 253. Adopting the convection-diffusion model for energetic electron and proton propagation, and accounting for all the relevant hadronic and leptonic processes, we determine the steady-state energy distributions of these particles by a detailed numerical treatment. The electron distribution is directly normalized by the measured synchrotron radio emission from the central starburst region; a commonly expected theoretical relation is then used to normalize the proton spectrum in this region. Doing so fully specifies the electron spectrum throughout the galactic disk, and with an assumed spatial profile of the magnetic field, the predicted radio emission from the full disk matches well the observed spectrum, confirming the validity of our treatment. The resulting radiative yields of both particles are calculated; the integrated HE and VHE fluxes from the entire disk are predicted to be f ( 100 MeV) ≃ (1.8
by the expected upgrade of Cherenkov telescopes, there is considerable interest in a more realistic treatment of the full nonthermal (NT) emission from NGC 253. Moreover, recent detailed radio measurements of this galaxy (Heesen et al. 2008) clearly show the spatial distribution of the emission and its spectral index in the central region, disk, halo, providing an improved observational basis upon which the spectral and spatial distributions of the radio emitting electrons can be determined more precisely than was previously possible. These considerations spur our renewed interest in a substantially more detailed description of the electron and proton populations and their radiative yields.
Our main goal in the work reported here is obtaining an estimate of the HE flux of NGC 253, more reliably than can be obtained by the traditional, very approximate approach, in which the electron energy spectrum is determined from the observed radio flux, and the proton spectrum is then deduced by using an overall scaling of the proton to electron ratio, which in turn is used to estimate the high energy emission from π 0 decay (following the production of the pions in energetic proton interactions with protons in the gas). However, in this simplified approach the electron spectrum needs to be extrapolated to energies much higher than the ∼ 1 − 10 GeV range directly inferred from radio measurements; therefore, a realistic estimate of the VHE emission requires a more detailed and extensive treatment. For this purpose we use a numerical code which evolves an initial particle source spectrum in the SB acceleration region by following all the relevant leptonic and hadronic interactions as the particles diffuse and convect to the outer disk (and halo). In the first application of this code we calculated the γ-ray spectrum of the nearby SBG M 82 (Persic, Rephaeli, & Arieli 2008: hereafter PRA) . A comparison of the predicted spectrum with the predictions from approximate treatments (previous as well as our own) clearly demonstrates the need for a detailed numerical calculation. This paper presents only the most essential aspects of our treatment; to avoid unnecessary repetition we do not repeat here full details of the basic approach which can be found in PRA. In Section 2 we briefly summarize the main aspects of our treatment of the evolution of energetic electron and proton spectro-spatial distributions as the particles diffuse and convect out of their acceleration sources in the central SB region. Input conditions in NGC 253 are specified in Section 3, together with the steady state spectra and VHE fluxes as calculated numerically using our code. We end with a brief discussion in Section 4.
STEADY-STATE TREATMENT
High-mass stars form at a rate that is much higher in the central SB region than in the rest of the galactic disk. Because of this we may simplify the treatment by assuming that direct particle acceleration is limited to the central SB region, which we refer to as the source region. Acceleration in SN shocks by the first-order Fermi process yields a power-law distribution with index q=2 (e.g., Protheroe & Clay 2004 ) in a very wide energy range, from a value close to the mean thermal energy of the gas particles (in non-relativistic shocks) to a very high value ( 10 14 eV). The accelerated proton-to-electron (p/e) density ratio, Np/Ne, in the source region can be calculated assuming charge neutrality (Bell 1978 , Schlickeiser 2002 . This ratio reaches its maximum value, (mp/me) (q−1)/2 (for q>1), over most of the range of particle energies; me and mp are the electron and proton masses. For the full dependence of this ratio on particle energy, and more discussion on this and other relevant physical processes, see PRA and references therein. The theoretically predicted value of the density ratio is valid in the source region, where energy equipartition is more likely to be attained since the relevant processes couple particles and fields more effectively than over the whole galactic disk. We thus infer Np in the source region from Ne, which in turn is deduced from radio measurements in the central SB region. Specifically, by adopting the theoretically expected expression Np/Ne = (mp/me) (q−1)/2 in the SB source region, we compute Np from the electron density, which is itself determined from a comparison of the predicted radio spectrum with the observed spectrum. The fit provides both the normalization of the electron spectrum and the actual value of q, which is found to be larger than 2 even in the central SB region. In this procedure the electron population is composed of both primary and secondary electrons, with the latter self-consistently determined by accounting for the pion yield of energetic protons with protons in the gas. A similar procedure was implemented in our similar numerical treatment in PRA.
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As the particles move out of the acceleration region their respective energy distributions ('spectra') will evolve differently due to their different energy loss processes. The electron spectrum is more easily measured than that of protons due to their more efficient radiative losses, with electron synchrotron radio emission typically the most precisely measured. The electron spectrum can be inferred in the region where the radio emission is observed. This quantity can be related to the source spectrum through a solution of the kinetic equation describing the propagation mode and energy losses by electrons as they move out from their SN shock regions. The proton spectrum can then be determined based on the predicted Np/Ne ratio at their common source region.
Strictly speaking, we assume that steady state is attained and proceed to solve the kinetic equation for Ni(γ, R, z), where i = e, p; γ is the Lorentz factor, and R and z are the 2D spatial radius and the coordinate perpendicular to the galactic plane, respectively. Calculations of the particle steady-state spectra necessitate inclusion of all the important energy loss mechanisms and modes of propagation; to do so we have employed the numerical code of Arieli & Rephaeli (in preparation) , which is based on a modified version of the GALPROP code (Moskalenko & Strong 1998 , Moskalenko et al. 2003 . The code solves the exact Fokker-Planck transport diffusion-convection equation (e.g., Lerche & Schlickeiser 1982) in 3D with given source distribution and boundary conditions for electrons and protons. Evolution of particle energy and spatial distribution functions is based on diffusion, and convection in a galactic wind.
At high energies the dominant energy losses of electrons are synchrotron emission and Compton scattering by the FIR and optical 
References to listed data: (1) radiation fields. These well known processes need no elaboration; the level of the ensuing emission depends on the mean strength of the magnetic field, B, and the energy density of the radiation fields, which are specified below. At energies below few hundred MeV, electrons lose energy mostly by Coulomb interactions with gas particles, leading to ionization of neutral and charged ions, and electronic excitations in fully ionized gas. At low energies proton losses are dominated by Coulomb interactions with gas particles. Protons with kinetic energy above pion masses (∼140 MeV) lose energy mainly through interactions with ambient protons, yielding neutral (π 0 ) and charged (π ± ) pions. Neutral pions decay into photons, while decays of π ± result in relativistic e ± and neutrinos. In our treatment the electron component always includes both primary and secondary electrons; the latter are produced in π − decay following pion production in pp interactions of accelerated protons with interstellar gas. To determine the steady state distributions of electrons and protons we need to specify the densities of neutral and ionized gas in the central SB region and throughout the disk, properties of the magnetic fields, and the energy density of the ambient radiation field (in addition to the CMB), particularly in the IR region. Mean observed values of all these quantities are selected from the literature, including -when available -some knowledge of their spatial variation across the disk. Parameter values are listed in Table 1 ; observational uncertainties are taken into account in our estimation of the integrated VHE flux. As discussed in PRA, we assume magnetic flux conservation in the ionized gas, and accordingly relate the mean strength of the field to the local plasma density, ne, using the scaling B ∝ n 2/3 e (e.g., Rephaeli 1988 ). The power-law index is only somewhat lower (1/2) if instead energy equipartition is assumed and the magnetic energy density is scaled to the thermal gas energy density. We adopt the ionized gas density profile, ne ∝ exp(−z/z0)/(1 + (R/R0) 2 ), with R0 = 1.5 kpc, and z0 = 0.5 kpc (Strickland et al. 2002 ).
To fully determine particle spectra and the magnetic field strength, we assume energy equipartition in the source region. As noted above, we believe that a minimum energy condition is more likely to lead to equipartition in the central SB region than in the rest of the galaxy. Due to the implicit dependences in the expression for the synchrotron flux, this condition is implemented iteratively to solve for Ne, Np, and the field strength at the center, B0. The particles are assumed to be convected out of their sources by the observed wind with a typical velocity of ∼ 500 km s −1 (Strickland et al. 1997) in the source region. In accord with Galactic cosmic-ray MHD wind models, we assume that the convection velocity increases linearly with distance from the disk plane (e.g. Zirakashvili et al. 1996) . A central value of 3 × 10 28 cm 2 /s is adopted for the diffusion coefficient, and its energy dependence is approximated as a power-law with index of 0.5. For brevity (and to avoid unnecessary repetition), other aspects of our approach are not presented here; these are fully specified in our previous similar treatment of VHE emission from M 82 (PRA). In Table 1 we list the values of all the quantities needed to carry out the full calculation of the steady-state particle spectra and the predicted radiative yields.
PARTICLE AND RADIATION SPECTRA
Radio emission from the disk of NGC 253 was observed at several frequencies by Klein et al. (1983) ; additional medium resolution measurements of the SB region were made by Carilli (1996) . Detailed, higher resolution mapping of emission from the disk and inner halo of NGC 253 was recently carried out by Heesen et al. (2008) based on new VLA observations at 6.2 cm, Effelsberg observations at 3.6 cm, and previous VLA measurements at 20 and 90 cm. We normalize the electron source spectrum based on the measured radio flux from the SB region (Carilli 1996) , and determine some of our best-fit parameters by comparing our predicted radio emission from the galactic disk with the spectrum measured by Heesen et al. (2008) .
Fitting the predicted synchrotron radio spectrum to the radio measurements provides the critical normalization of the steady state electron and -based on theoretical prediction -proton energy distributions. Inclusion of all the relevant processes -Coulomb, synchrotron and Compton -is essential for precise normalization. Measured radio fluxes from the SB (Klein et al. 1983 ) and disk (Heesen et al. 2008) regions are shown in Figure 1 , together with our best fit spectra. The fact that the predicted radio spectrum is not a single power-law but curves at sufficiently low frequencies is due to the dominance of Coulomb losses over the other two mechanisms at low electron energies. For the specific combination of values of the field and gas density (which we have deduced from observations), the curvature is particularly pronounced (at around ∼ 3 GHz) in the source region. This expected behavior is a diagnostically important feature confirming the selfconsistency of our approach. The fit to the radio measurements from the full disk yields a mean radio index α = 0.7 ± 0.05.
As noted above, energy equipartition was assumed and implemented iteratively to solve for Ne, Np, and B0. Doing so we obtain the central value of the magnetic field, B0 ≃ 190 ± 10 µG. The corresponding steady-state electron and proton spectra in the SB region are shown in Fig.2 . At low energies the spectra are appreciably flatter than at high energies. Stronger electron losses at E>>1 GeV result in a steeper spectrum than that of protons, with the electron spectrum characterized by q ≃ 2.74 at high energies, as compared q ≃ 2.55 for protons. We note that the validity of the usual equipartition relation between particle and field energy densities has been questioned (e.g., Beck & Krause 2005), but in our case the revised relation proposed in the latter paper would hardly affect the deduced mean field value.
Our main interest here is the estimation of the total emission at high γ-ray energies. In Fig. 3 we plot electron bremsstrahlung and Compton spectra, and γ-ray emission from the decay of π 0 formed in p-p collisions. As anticipated, the losses due to bremsstrahlung dominate at low energies, while emission from π 0 decay dominates at higher energies. (Synchrotron emission is negligible at high energies.)
The integrated flux from the disk of NGC 253 is shown in Fig. 4 by the grey region; the width of this region reflects uncertainties in the values of the main obesrvationallly-deduced parameters. The total flux above 100 GeV is f ( 100 GeV) ≃ (3.6
for B0 ≃ 190 ± 10 µG, the deduced range of the radio index, α = 0.7 ± 0.05, and the uncertainty in the ambient gas density. As expected, VHE emission comes mainly from the hadronic π 0 decay channel. Emission at these energies is mostly from the SB region, with the rest of the disk contributing 20% − 40% of the total emission. The flux at ǫ 50 GeV is a factor of ∼ 3.6 higher. Emission at much lower energies can be measured by the currently operational Fermi satellite; for example, we predict an integrated flux f ( 100 MeV) ≃ (1.8
. This value matches the Large Area Telescope 5σ sensitivity of this instrument for a 1-yr scanning-mode operation (e.g., Atwood et al. 2009 ). Of interest is also the related neutrino flux from the decay of charged pions π ± (that produce e ± + νe +νe + νµ +νµ): at E 100 GeV the neutrino flux is ∼ 0.3 f ( 100 GeV). Our exact numerical calculation yields flux levels that are lower than those estimated from a semi-quantitative calculation that does not include the full spatial dependences of the magnetic field and particle densities. Details of this approximate treatment are given in our previous paper (PRA) on VHE emission from M 82. As noted there, the two treatments differ most in the description of the particle spatial profiles outside the source region. In the approximate treatment the impact of energy losses and propagation mode of the protons are not explicitly accounted for. This leads to unrealistically high relative contribution of the main disk to VHE emission. Even a slight steepening of the proton spectrum at high energies results in a significantly lower VHE emission.
The TeV fluxes predicted here are below the upper limit set by the H.E.S.S Cherenkov telescope. Treated as a point source, analysis of the H.E.S.S measurements (Aharonian et al. 2005 ) yielded an upper limit f ( 300 GeV) 1.9 × 10 −12 cm −2 s −1 at the 99% confidence level. This limit is higher than the flux predicted here, f ( 300 GeV) ≃ (8.9
+8.1 −4.0 ) × 10 −13 cm −2 s −1 .
DISCUSSION
We have performed a detailed calculation of the steady state spectro-spatial distributions of energetic electrons and protons in NGC 253. Our treatment is based on a numerical solution of the diffusion-convection equation, following the particles from their source region throughout the disk as they lose energy and propagate into the interstellar space. A key feature of our treatment is the deduction of the electron spectrum and its normalization in the central region directly from the measured radio emission in the SB region. Adopting the theoretically predicted injection Np/Ne (which depends on q) in the SB source region, and assuming equipartition to hold in this region, we iteratively derive the electron and proton densities, and the central value of the magnetic field B0, by fitting the predicted synchrotorn flux to the observed radio spectrum. Doing so fully determines the particle spectra, which are then evolved by solving the diffusion-convection equation to predict the spatial distributions throughout the disk. Consequently, with the assumed spatial profile of the magnetic field set as specified in Section 2, radio emission from the full disk is then fully determined. The fact that the predicted radio spectrum matches well the observed emission from the disk is an important confirmation of the self-consistency of our treatment, and the validity of our assumptions. Our main interest here has been the estimation of VHE fluxes from the source region and the entire disk; to do so we determine the particle full radiative spectra, from radio to the VHE region, and use the measured radio fluxes from both regions to normalize the distributions.
HE γ-ray emission from the SB region of NGC 253 was estimated by Domingo-Santamaria & Torres (2005) . Their detailed treatment focused on a steady state solution to the kinetic equation describing the electron and proton spectral distribution functions (without explicit spatial dependence). The source term was directly related to SN rates in the injection region, and the particles were assumed to be accelerated by SN shocks in a small central region. Energy losses and diffusion in energy space were followed in the central 1 kpc disk region; escape from this region was also included. Estimated fluxes -which obviously depend on the spectral parameters and the escape time -are generally comparable to our estimates. Our very different treatment includes also spatial diffusion and convection, and our estimates include the full disk, not just the central 1 kpc region. While VHE emission is mostly from the central disk, emission from the outer disk is not negligible and provides additional insight on the validity of the convection-diffusion model for energetic particle propagation in galaxies.
Clearly, our predicted fluxes depend on several parameters, most importantly on the proton to electron ratio in the source region, on the magnetic field, gas density, and their spatial profiles. The electron density was deduced from the measured radio emission in the source region; thus, the evolution of the electron spectrum from this region to the central disk region is mostly determined by synchrotron losses in the high magnetic field. The uncertainty in the estimated level of VHE emission stems largely from the steep dependence of the electron density on the field. It is unlikely that the field is appreciably higher than our deduced value, B0 ∼ 200 µG. A lower mean field value (by a factor ζ), would result in a reduced proton density and, consequently, in a lower rate of π 0 decays. However, for a given measured radio flux the electron density would have to be correspondingly higher (by a factor ζ (1+q)/2 ), which for a mean electron index of ∼ 2.7 (in the disk)
would result in higher bremsstrahlung and Compton yields by nearly the same factor (∼ ζ 2 ). As can be seen in Figure 3 , at ∼ 100 GeV the yield from the latter processes is only a factor ∼ 2.5 lower than emission from π 0 decay. Thus, lowering the mean field value in the source region by even as much as a factor of two (i.e., much higher than the uncertainty implied from the observational radio flux data) would not appreciably change our estimated VHE fluxes. The other main uncertainty stems from the linear dependence of the p-p interactions (and π 0 decay yield) on the ambient proton density, for which we used the observationally deduced mass in the central disk region. The range of predicted fluxes, which reflect observational uncertainties in these quantities, provide a basis for reliable estimates of the feasibility of detecting VHE emission from NGC 253 with current and near future telescope arrays, and detection of HE γ-ray emission with GLAST. Based on the above estimate, the predicted VHE flux of NGC 253 falls below the detection limit of current imaging air Cherenkov telescopes (IACTs). For example, H.E.S.S. -which is located in the Southern hemisphere and can therefore observe NGC 253 -has a 5σ sensitivity of ∼1.8×10
−11 cm −2 s −1 for the detection of emission above 100 GeV in 50 hours of observation (e.g., Hinton 2004) . Even accounting for the fact that this sensitivity limit refers to a Crab-like spectrum [which is steeper (Γ ≃ 2.6) than our predicted NGC 253 spectrum], and for the inherent uncertainty in our flux estimate, we conclude that detection of VHE γ-ray emission from NGC 253 may be feasible with H.E.S.S. only if observed for several hundred hours.
[Prospects of detection with CANGAROO III are even less optimistic due to its lower sensitivity by a factor 3-5 (Enomoto et al. 2008 ).] The likelihood of detection will appreciably improve with the upcoming H.E.S.S.-II telescope, whose sensitivity at 100 GeV is expected to be ∼ < 0.6×10 −11 cm −2 s −1 , i.e. ∼3 times better than H.E.S.S., and with the next-generation facility (the Cherenkov Telescope Array, CTA) whose sensitivity at 100 GeV is expected to be ∼ < 10 −12 cm −2 s −1 , i.e.
at least ∼ > 20 times better than H.E.S.S.
It is also of interest to compare the predicted 100 MeV flux of NGC 253 with the sensitivity of Fermi's Large Area Telescope (LAT). Our calculated VHE emission yields an integrated flux f ( 100 MeV)≃2×10 −8 cm −2 s −1 for a differential spectral photon index of ∼2.3.
This value matches the 5σ sensitivity of the LAT for a ∼1-month scanning-mode operation. Thus, Fermi/LAT should be largely able to detect NGC 253 during its first year of operation. Detection of VHE γ-ray emission associated with ongoing star formation in NGC 253 will add significant insight on the enhanced energetic electron and proton contents in SBGs, and on their propgation in disks of spiral galaxies.
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